Abstract: Total synthesis of prodelphinidin B3 and C2 have been accomplished. The key step is Lewis acidmediated equimolar condensations between a catechin and/or gallocatechin nucleophile and a gallocatechin electrophile. The antitumor effects of synthetic prodelphidin B3 and C2 against PC-3 prostate cancer cell lines have been investigated. Both compounds showed significant antitumor effects. Their activity was almost the same as that of EGCG, a known antitumor agent.
contains ()-gallocatechin or (+)-epigallocatechin are quite limited. 29 Until now no total synthesis of prodelphinidins has been reported. The typical synthesis of catechin derived oligomers can be accomplished using Lewis acid-mediated condensation of catechin nucleophiles and electrophiles. The disadvantage of this reaction is that using an excess amount of nucleophile is necessary to avoid polymerization. Recently, we have developed an efficient synthesis of procyanidins through equimolar condensation of catechin nucleophiles with electrophiles. The typical examples are as follows: 1) For synthesis of a catechin dimer, we accomplished equimolar coupling between nucleophilic and electrophilic partners for the first time using Yb(OTf)3 as a Lewis acid. 7, 9, 10, 13 2) For synthesis of a catechin trimer, equimolar coupling between a nucleophilic catechin dimer and monomeric electrophilic partner (2+1 coupling) was accomplished using silver Lewis acids such as AgBF4 or
AgOTf. 22 , 30 Herein we demonstrate equimolar condensation of a catechin and/or a gallocatechin nucleophile with a gallocatechin-derived electrophile and the first total synthesis of prodelphinidin B3 (PDB3, 1) and C2 (PDC2,
2) ( Figure 1 ).
Figure 1.
The structures of prodelphinidin B3 (1) and C2 (2).
Results and discussion

Synthesis
The gallocatechin-derived building block 5 was constructed as Chan and co-workers reported with slight modification. 31 DDQ oxidation in the presence of methanol or ethoxyethanol gave electrophiles 6 and 7, respectively (Scheme 1).
Scheme 1. Synthesis of gallocatechin electrophiles 6 and 7.
Reagents and conditions: (a) (i) DDQ, ROH; (ii) Ac2O, pyridine, DMAP, 37% for 6, 51% for 7.
Since the gallocatechin electrophile 6 and 7 were in hand, we examined the condition of equimolar condensation of catechin nucleophile 8 with gallocatechin electrophile 6 or 7. As shown in Table 1 , 4-(2"-ethoxyethoxy) derivative 7 afforded condensed product in high yield when Yb(OTf)3 was used as Lewis acid. To our surprise, the reaction using methoxy derivative 6 gave 9 in very poor yield although nucleophile 8 with a related electrophile, the yield was 64% as we have reported earlier. 13 We confirmed that the leaving the group at the C4 position was crucial in the Yb(OTf)3 mediated condensation (Table 1 ).
9 Table 1 . Equimolar condensation of gallocatechin electrophile 6 or 7 with catechin nucleophile 8. a a The reaction was carried out in CH2Cl2 at room temperature.
The condensed product 9 was transformed into diol 10 using n-Bu4NOH. 28 The 1 H and 13 C NMR spectral data of 10 were in good agreement with the reported values. 29 The 3,4-cis diastereomer was not detected. Finally deprotection of the benzyl ethers of 10 and subsequent lyophilization afforded prodelphinidin B3 (1) in good yield. The 1 H spectral data of peracetate of 1 (11) were in good agreement with the reported values (Scheme 2).
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Scheme 2. Synthesis of prodelphinidin B3 (1) and its peracetate 11.
Reagents and conditions:(a) n-Bu4NOH, 82%; (b) H2, Pd(OH)2/C, 96%; (c) Ac2O, pyridine, DMAP, 28%.
Because diol 10 could be used as a nucleophile for the synthesis of prodelphinidin C2 (2), we focused on the equimolar condensation of 10 with electrophile 6 or 7. In the previous report, we found that silver Lewis acids were effective for the construction of catechin trimer derivatives. 22, 30 Thus we used AgBF4 and AgOTf as Lewis acid. As shown in Table 2 , the 4-methoxy derivative 6 afforded condensed product 12 in good yield when AgOTf was used as a Lewis acid. The reaction using AgBF4 as Lewis acid and 4-methoxy derivative 6 as an electrophile afforded 12 in poor yield although electrophile 6 with a related nucleophile, the yield was 85% as we have reported earlier. 30 We found the combination of the C4 leaving group and silver Lewis acid was very important (Table 2) . The condensed product 12 was transformed into triol 13 using n-Bu4NOH. 28 Finally deprotection of the benzyl ethers of 13 and subsequent lyophilization afforded prodelphinidin C2 (2) in good yield. We confirmed that lyophilized prodelphinidin C2 (2) was pure (>95%) by HPLC analysis. 34 The 1 H spectral data of peracetate 14
were in good agreement with the reported values (Scheme 3).
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Scheme 3. Synthesis of prodelphinidin C2 (2) and its peracetate 14.
Reagents and conditions: (a) n-Bu4NOH, 77%; (b) H2, Pd(OH)2/C, 96%; (c) Ac2O, pyridine, DMAP, 27%.
Cytotoxic effects on PC-3 prostate cancer cell.
Our interest was focused on examining the antitumor activities of the newly synthesized prodelphinidins. The synthesis of prodelphinidin B3 (1) and C2 (2) allowed us to obtain sufficient quantities of purified compounds to screen against PC-3 prostate cancer cell lines together with procyanidin B3, C1 and C2 which were prepared by us previously (Figure 2 ). 9,13,22 Results were obtained by two independent methods: cell count measurement and MTT assay. Epigallocatechin gallate (EGCG) was used as a positive control. As shown in Figure 3 , EGCG, prodelphinidin B3 (1) and C2 (2) below 50 M. A comparison of the potencies of 1 and exhibited significant cytotoxic activity with IC50 values procyanidin B3, suggested that the cytotoxic effects were clearly associated with the presence of the pyrogallol moiety of the B ring. PDB3 (1) and PCB3 have the same carbon skeleton. The only difference is that PDB3 has an additional hydroxy group at the B ring. We found that this hydroxy group greatly affected the level of the cytotoxic effect. As for 2 and procyanidin C1 or C2, the pyrogallol moiety was essential for their activity. 36 Comparisons between 1 and either 2 or EGCG suggested that the number of pyrogallol moieties did not seem to affect the activity. This tendency was also observed in the MTT assay. This finding might be useful in searching for antitumor molecules among the proanthocyanidins (Figure 3) . After treatment of cells with EGCG, PCB3, PCC1, PCC2, PDB3, PDC2, or CPT for 48 h, the cell proliferation was determined by cell count (A) and MTT assay (B) as shown in supplementary data. The values were represented as the rate of inhibition of cell proliferation by the treated sample compared to the untreated control (vehicle). Values are means ± S.Ds. for three independent experiments. Asterisks indicated a significant difference between the control-and test-compound-treated cells, as analyzed by Student's test (p < 0.001).
Effects on cell cycle distribution.
Cell growth and proliferation are mediated via cell cycle progression. Loss of cell cycle control can initiate the apoptotic program. 37 In the present studies, treatment of PC-3 prostate cancer cells with 50 M of prodelphinidin B3 (1) for 48h induced a G1/G0 phase population increase from 62.88% to 74.50% and an S phase fraction decrease from 16.06% to 8.67%. Obviously, prodelphinidin B3 (1) blocked the PC-3 prostate cancer cell cycle partly at the G1/G0 phase within 48h. EGCG and prodelphinidin C2 (2) showed a similar effect. On the other hand, no effect from procyanidin B3, C1 or C2 was observed. A lower S-phase population indicated a slower cell division and growing tumor. Compounds which promote cell apoptosis and inhibit proliferation of cancer cells
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are likely to be good candidates as antitumor agents. 38 Our findings suggest that prodelphinidins might be promising chemopreventive agents against prostate cancer ( Figure 4 ). 
Effects on caspase-3 activity.
It has been well known that the caspases initiate cell apoptosis caused by some stimuli. 39 Caspases are synthesized as inactive proenzymes which need proteolytic cleavage for activation. Caspase-3 is related to the enforcement phase of apoptosis, where cells undergo morphological changes such as chromatin condensation, apoptotic body formation, and DNA fragmentation. 40 As caspase-3 is the most important enzyme involved in execution of apoptosis, its activation, and formation of cleaved caspase-3, is a biochemical marker of early apoptosis. Therefore, the detection of active caspase-3 in cells is a reliable method of measuring apoptosis. Thus, we next examined the caspase-3 activity to confirm that the cells exposed to prodelphinidin were actually undergoing apoptosis, and to determine whether caspase-3 was involved in the cell death pathway. We found that EGCG, prodelphinidin B3 (1), and prodelphinidin C2 (2) activated caspase-3 up to 1.5~1.8 times compared to the control. Thus, we concluded that the cell death caused by prodelphinidins was attributable to a kind of apoptosis ( Figure 5 ). 
Conclusion
The first total synthesis of prodelphinidin B3 (1) and C2 (2) have been achieved via Lewis acid-mediated equimolar condensation of a catechin and/or catechin-gallocatechin nucleophile with gallocatechin electrophiles.
In addition to demonstrating the total synthesis, we examined their antitumor activities against PC-3 prostate cancer cells. We found that cytotoxic effects are clearly associated with the presence of the pyrogallol moiety of the B ring; procyanidins which lacked the pyrogallol moiety of the B ring did not show any potency. This activity of prodelphinidins might be ascribed to their blocking cell cycle partly at the G1/G0 phase and activating caspase-3. Prodelphinidins might be potential chemopreventing agents for prostate cancer cells. Based on this study's promising results, we are currently synthesizing various proanthocyanidins which contain pyrogallol moieties to clarify the mechanism of antitumor activity.
Experimental
4.1. General. All melting points were uncorrected. 1 H (500 MHz) and 13 C NMR (125 MHz) spectra were measured with a Bruker DRX 500 FT-NMR spectrometer in CDCl3 or CD3OD with residual tetramethylsilane as the standard. The coupling constants were given in Hz. Mass spectra were obtained on JEOL JMS-SX102A and Waters Xevo QTOF mass spectrometers. IR spectra were recorded with JASCO FT-IR 480 Plus infrared spectrometer. Optical rotations were determined with a JASCO DIP-1000 polarimeter. 
(2R,3S,4S)-3-Acetoxy-4-methoxy-5,7-3',4',5'-pentabenzyloxyflavan (6).
(2R,3S,4S)-3-Acetoxy-4-ethoxyethoxy-5,7,3',4',5'-pentabenzyloxyflavan (7)
. To a solution of 5 (118 mg, 0.160 mmol) in 2-ethoxyethanol/CH2Cl2 (1/8, 2.7 mL) was added DDQ (106 mg, 0.470 mmol) at room temperature. After the resulting mixture had been stirred for 1h at room temperature, the mixture was cooled to 0 o C and the reaction was quenched with water. The mixture was extracted with Et2O (3×10 mL) and the combined organic layer was washed with brine, dried over MgSO4, filtered, and concentrated. The crude product was purified with silica gel column chromatography (hexane:AcOEt:CH2Cl2 = 6:1:3) to afford colourless solid.
Acetylation of this compound using general procedure gave 7 (70 mg, 51%, 2 steps) as a colorless oil. 
[4,8']-2,3-trans-3.4-trans:2',3'-trans-3-Acetoxy-nonabenzyloxy-(+)-gallocatechin-(+)-catechin (9).
To a solution of nucleophile 8 (28 mg, 43 mol) and electrophile 7 (38 mg, 43 mol) in CH2Cl2 (4.0 mL) was added Yb(OTf)3 (27 mg, 43 mol). After the resulting mixture had been stirred for 3h at room temperature, the reaction was quenched with water. The mixture was extracted with EtOAc (2×10 mL) and the combined organic layer was washed with brine, dried over MgSO4, filtered, and concentrated. The crude product was purified with afford 
[4,8']-2,3-trans-3.4-trans:2',3'-trans-Nonabenzyloxy-(+)-gallocatechin-(+)-catechin (10).
To a solution of 9 (44 mg, 30 mol) in THF (3.0 mL) was added 40% aqueous n-Bu4NOH (0.59 mL, 0.91 mmol). The reaction mixture was allowed to be stirred for 72h at room temperature, then partially evaporated to remove THF. The 
Peracetate of 1 (11).
A mixture of pyridine (50 L), acetic anhydride (50 L), and DMAP (1.0 mg) was added to 1 (4.0 mg, 6.7 mol). After the reaction mixture had been stirred for 12h, saturated aqueous NaHCO3 (5 mL) was added, and the product was extracted with EtOAc (2 x 10 mL). The organic layers were washed with H2O (5.0 mL) and brine, and dried over MgSO4, filtered, and concentrated. The crude product was purified with preparative TLC (hexane:AcOEt:CH2Cl2 = 6:1:3) to afford peracetate 11 (2.0 mg, 28%) as colorless glass. 
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Statistical analysis.
Each experiment was performed at least three times. Data were expressed as the means ± standard deviation (S. D.). Statistical analysis was performed using Student's t-test. P < 0.05 or P < 0.01 was considered to be significant.
